Index Terms-Graded composite films, novel deposition controller.
I. INTRODUCTION

C
OMPOSITION control has been an essential factor in deciding the quality of a variety of thin film devices. Of late, it is being increasingly felt that the performance of some devices could be enhanced if the properties of the film is matched with its substrate on one side and the air surface on the other; for example, for antireflection optical devices, the refractive index should be almost equal to that of the substrate, whereas, at the top layer, it should be very nearly equal to that of the surrounding atmosphere [1] .
A variety of methods have been used to realize the variation in composition along the film thickness. Multiple sources have been used both in evaporation [2] - [6] and sputtering techniques [9] - [11] . Although this coevaporation method is successful, it requires two electron beam (EB) guns which occupy a large space in the chamber and individual rate controllers for rate monitoring and a more sophisticated process control mechanism. With two EB guns located at different places in the chamber, it is essential to ensure that the film composition is uniform over the substrates in batch coating. In this coevaporation method, the deposition rate of one source has been gradually increased while decreasing the deposition rate from the other source. In this process, the quantity of the first material was less Paper MSDAD-I 99-009, presented at the 1995 Industry Applications Society Annual Meeting, Lake Buena Vista, FL, October 8-12, and approved for publication in the IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS by the Industrial Automation and Control Committee of the IEEE Industry Applications Society. Manuscript submitted for review July 1, 1996 and released for publication January 6, 2000.
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in the bottom layer, whereas that of the second material was less in the top layer. It is also possible to control the gradation in reactive gas content of a film by proper control of mass flow rate of the reactive gases with respect to the inert gas medium. This process uses process controls with changing flow rates of reactive gases.
Realizing the importance of the films of varying composition, the problems faced in coevaporation technique, and to reduce the process control complications in the system, a novel rotating crucible EB gun technique has been fabricated. This technique has already been used to prepare homogeneous films with ultrathin individual films in the stack [12] . It is now being extended to prepare films with continuous gradation in composition.
This paper details the design of hardware and software functions of the rotating EB evaporation technique for preparing graded index film of CeO 2 and SiO 2 materials. The gradation of the films with respect to their thicknesses along the depth was analyzed using Auger depth profile and correlated with the deposition parameters.
II. DESCRIPTION OF THE SYSTEM
A 6-kW EB gun crucible is modified so that it can be rotated at different speeds during evaporation. The details of the technique for preparing homogeneous films has already been presented in [12] . The schematic view of the deposition system is shown in Fig. 1(a) . The crucible is made of oxygen-free high-conductivity (OFHC) copper. A groove is made along the circumference of the crucible which is partitioned into two sectors for loading the evaporating materials and is shown in Fig. 1(b) . The crucible is rotated using a stepper motor (A) fixed outside the vacuum system. A Wilson seal (B) fixed to the base plate (C) of the deposition system is used as the rotating element for coupling the stepper motor and the electron gun crucible (D). The shaft of the Wilson seal is coupled to the EB gun through a chain and sprocket arrangement (E). A small nonmagnetic metal projection (G) is embedded to the circumference of the crucible. When this projection faces a position sensor (F) (proximity switch [13] ) positioned close to the crucible, the sensor gives a voltage output.
The following procedure is used for preparing films with graded composition. The two materials with different vaporization temperatures are loaded into the two partitions of the crucible [ Fig. 1(b) ]. When the initial position of the crucible is sensed, specified speed of rotation of the crucible and filament emission current are set for evaporating the first material in the crucible. These values are retained until the crucible crosses 0093-9994/00$10.00 © 2000 IEEE the first evaporating material. When the second evaporating material faces the EB, the emission current and speed will change automatically to the values set corresponding to the second material, which depend on the vapor pressure of the material and the required rate of deposition. These values of current and speed are retained until the crucible crosses the second evaporating material. When the beam again faces the first material, the current and speed automatically get set to the values set for the first material. At the partition of the copper crucible, the emission currents were reduced to zero to avoid the contamination of copper in the film. By an appropriate choice of deposition rates and rotation speeds, it is possible to see that the materials get mixed up at the atomic level. For realizing films with gradation in composition along the film thickness deposition rate of one of the materials is gradually increased while decreasing the deposition rate of the other material.
The thickness and the rate of deposition of two film materials are monitored using a homemade quartz crystal thickness monitor [14] . The sensing element (N) of the crystal monitor is arranged very close to the substrate holder (H) as shown in Fig. 1(a) .
III. ELECTRONIC DESIGN
The details of the hardware and software for this technique for preparing graded composition films are given below.
A. Hardware
The emission current and the speed of rotation of the crucible are controlled by making use of an INTEL 8085 microcomputer kit. It is always ideal to use a sophisticated computer for this purpose. However, in a program oriented toward industrial applications, where cost has to be kept under control, it was decided to use a conventional 8085 microcomputer. It is also to be noted that this is an attempt to highlight the use of this technique for industrial purposes with minimum expenditure. The 8085 microcomputer kit consists of a microprocessor (8085), keyboard display controller (8279), programmable peripheral interface (PPI) (8255), random access memory (6116), erasable programmable read-only memory (2716), decoders, and drivers. The basic clock frequency of the 8085 kit is 3.072 MHz. The address, data, and control bus are brought to the edge connector for interconnection. The block diagram of this kit for preparing graded index films is shown in Fig. 2 . This kit consists of two PPI (8255) ports. One PPI (8255) is used for driving the stepper motors: 1) coupled to the crucible via Wilson seal (B); 2) coupled to the source shutter; and 3) for receiving an input signal from the position sensor used for sensing the initial position of the crucible. The second PPI (8255) is used for driving the emission current circuit with the help of a 12-b digital-to-analog converter (DAC) [15] . The resolution of the DAC is 0.5 mV (for 2v full-scale output).
The input to the DAC is fed from the second PPI (8255). Since there are 12 inputs to the DAC and since each of the three ports of the 8255 is only 8 b wide, the lower section of 8 b is connected to one port while the upper section of 4 b is connected to another port. Outputting 12 bits of data at a time would involve again outputting 8 b first and then the remaining 4 b. In the time between the two writes, there is a danger of the output going to an unwanted value because the 4 b of data can change when the 8 b of data are being written and vice versa. This is overcome by use of latches on the input lines which are loaded separately and then strobed together to pass all 12 b of data to the DAC at the same time. While this method ensures simultaneous transfer of 12 b of data, one other point that has to be tackled is that of unwanted values existing at the inputs during power-on reset of the 8255.
During power-on reset, the outputs of the 8255 will be tristated and this will be conceived as some value by the DAC and an output equivalent of the input will be presented to the error amplifier of the emission current power supply. This output is avoided by using two octal D-type flip flops (74LS273). Since the outputs of these flip flops are always low, it has to be triggered by the clock with its clear input high. Again, the same clock and clear facility could be used for transmitting 12 b of data simultaneously. The clock and clear signals to the 74LS273 are provided by the port C of the 8255 taking advantage of the bit set/reset facility associated with this port. Since the DAC uses a complementary binary input, inverters (74LS04) have been incorporated into the circuit (Fig. 3) . The DAC provides a current 
B. Software
The operation of the controller for sequential evaporation of two materials, each of them filled in one-half the area of the crucible with emission current I 1 increasing from 0 to 100%, I 2 decreasing from 100 to 0%, and with crucible speeds S 1 and S 2 for materials 1 and 2, respectively, is shown in Fig. 4 . When the controller is switched on, the stepper motor rotates the crucible at a specified speed until the position sensor senses the initial position. This position of the crucible is shown as "S" in Fig. 4 . At this position, material 1 is facing the EB. An emission current I 1 (for example, 0%) is set for evaporating material 1 using the 12-b DAC, and the crucible is rotated at a specified speed S 1 . The emission current I 1 and S 1 are maintained until the crucible completes the first half revolution (from the initial position "S" as estimated from the number of pulses given to stepper motor).
At this stage, the emission current I 2 (for example, 100%) is set with the aid of the DAC for evaporating material 2 and the crucible is now rotated at a speed S 2 . Again, emission current I 2 and speed S 2 are maintained until the crucible completes the second half revolution and, in turn, receives a signal from the position sensor. Then, as the EB sees the material 1, the emission current I 1 is then increased by a required value (for example, from 0% to 10%) and the crucible speed is changed from S 1 to S 2 . When the crucible completes the third half revolution, the emission current I 2 is reduced (for example, from 100% to 90%) and the speed of the crucible is changed from S 1 to S 2 . This process is repeated continuously until the current I 1 reaches 100% and current I 2 decreases to 0%.
It is possible to modify the software such that the current can be kept constant for a fixed number of revolutions to alter the gradation. The gradation could also be altered by appropriately selecting deposition rates and crucible rotation speeds. When the controller reaches the set value of currents, the deposition process will be terminated automatically by closing the evaporation shutter. The flow chart of the program for implementing the above task is given in Fig. 5 . This process can be carried out in the reverse process also by changing the contents in memory locations, i.e., emission current I 1 for material 1 can be decreased from 100% to 0% and I 2 for material 2 can be increased from 0% to 100%.
IV. FEATURES OF THE TECHNIQUE
• The technique is useful for preparing graded index films for two evaporating materials.
• The gradation of each material can be varied from 0% to 100% or vice versa, i.e., the gradation of material 1 can be increased from 0% to 100% and the gradation of material 2 is decreased from 100% to 0%. • Emission currents of each material can be changed either for one revolution of the crucible or for any finite number of revolutions of the crucible.
• The thicknesses of individual layers can be controlled according to a predetermined scheme.
• The gradation of individual materials can be varied from 0% to 100%, i.e., the concentration of each evaporating material need not be started from 0% to 100%; it can be started at any intermediate concentration. For example, the concentration of material 1 can be started from 10% and increased up to 80%. Similarly, for material 2, the concentration can be decreased from 80% to 10% or from 100% to 0%. • Automatic process termination is possible by opening and closing of the evaporation shutter when the concentration of each material reaches the preset value.
• Automatic degassing process is incorporated for degassing the individual evaporating material in the prescribed time. When the materials reach the maximum set value of degassing power, the control will automatically switch over to the main deposition process by opening the evaporation shutter.
V. EXPERIMENTAL RESULTS AND DISCUSSION
Two dielectric materials of high and low refractive indexes have been chosen to obtain the variable refractive indexes along the depth of the film by controlling the deposition rates of individual materials. The materials used are cerium dioxide and silicon dioxide tablets. The purity of material is 99.8% (Balzers Ltd. USA). The two materials are loaded in the grooved crucible in two separate partitions. Before the deposition process starts, the emission currents I 1 and I 2 are ramped slowly until the materials reach the evaporation temperature. The required degassing power and the degassing duration for each material are software controllable. When the materials attain the evapo- rating temperature, the controller switches over to the main deposition process.
The films were deposited onto an optically polished fused silicon substrate of 19-mm diameter and 3-mm thickness, a silicon wafer, and a copper substrate at a pressure of 1210 06 mbar. The deposition chamber is evacuated using CTI cryo torr 08 cryo pump backed by a rotary pump. The distance between the EB gun and the substrate holder was 25 cm.
Mixed oxide graded index films of CeO 2 and SiO 2 of varying compositions along their thicknesses have been prepared by a proper choice of emission currents and speed of rotation of the crucible which, in turn, control the deposition rate of the two constituents; the results are presented in Table I . Taking into account the deposition rate and the EB, the probable thickness of each constituent with respect to its thickness has been calculated and shown in Table I .
The composition of graded index films deposited at ambient temperature was analyzed using an Auger depth profile spec- trometer (Model 541C, Phillipse, USA). Fig. 6 shows the Auger spectra profile of the graded films of CeO 2 -SiO 2 deposited at ambient temperature. The atomic percents of cerium, silicon, and oxygen were computed from depth profile at different depths. These values are also tabulated in the Table I . The zero thickness corresponds to the substrate-film interface and with the increase in thickness, the layers approach the film-air interface. The concentration of CeO 2 decreased from 95% to 20% (by weight) whereas the concentration of SiO 2 increased from 5% to 80% from substrate-film to film-air interface. It is seen from Table I that, when the deposition was continuing, the atomic and weight percent of CeO 2 decreased gradually and that of SiO 2 was increased gradually, whereas the atomic percent of oxygen was constant throughout the process. This shows that the films are graded in composition along their thicknesses. The atomic percent computed from the Auger depth profile and from deposition parameters are in good agreement with each other within the instrumental accuracy.
VI. CONCLUSION
A novel microcomputer-based rotating crucible electron source deposition technique has been developed in which graded index mixed oxide films of varying composition along the film thicknesses could be prepared. The mechanical design of the assembly, the relevant hardware, and software of the deposition controller for preparing films with composition gradation have been discussed. Graded composition films of CeO 2 and SiO 2 of different composition with respect to film thickness have been prepared, and the composition variation was analyzed using an Auger depth profile. The atomic percent computed from the Auger depth profile is in good agreement with the values computed from the deposition parameters.
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